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strain on polymers bridgingmoving cracks in the context of self-healing concrete. Testing of several polymer pre-
cursors with distinct properties also allowed conclusions regarding the requirements for polymers in this appli-
cation. Acoustic emission (AE) analysis was performed in parallel with digital image correlation (DIC) at the
macro-scale. In addition, a micro-scale study was performedwith tensile tests inside an SEM chamber. Detection
of failure through AE analysis coupledwith DICwas possible only in case of failure due to brittle fracture of a rigid
foam after 9% strain, which generated high-energy acoustic events. Direct observation of interfaces with SEM in-
situ loading allowed determination of failure of a rigid foam due to cracking of the polymer matrix and detach-
ment at the interface with the cementitious matrix, with an onset at 5% strain and complete detachment at
16% strain. For a ﬂexible, continuous ﬁlm of polymer, detachment occurred before 50% strain. Assuming adequate
adhesion, polymers with high elongation (N100%) and modulus of elasticity much lower than 10 MPa are re-
quired if cracks subjected to a realistic amplitude of movement are targeted.
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In this paper, continuous monitoring techniques are used to investi-
gate their potential for more precisely detecting the onset of failure due
to excessive strain on polymers bridging healed cracks. The techniques
include acoustic emission (AE) analysis, digital image correlation
(DIC) and the use of a scanning electron microscope (SEM) with a spe-
cial stage allowing for in-situ tensile loading. With the special stage, the
interface between the polymer and the crack faces can be closely mon-
itored, so that the failuremodes of both foaming and non-foaming poly-
mer precursors can be identiﬁed.
Since the decade of 1970, AEmethods have been used to capture the
full waveforms or parameters of acoustic events occurring in concrete,
eventually being developed into a non-destructive technique to moni-
tor and predict damage in concrete structures [1]. More recently, it
has been used by researchers to investigate the efﬁciency of novel
self-healing techniques applied to concrete, although essentially those
based on the naturally occurring autogenous healing [2] and on the en-
capsulation of rigid, brittle polymers [3–6]. In this study, brittle and ﬂex-
ible polymers are used to assess the ﬁtness of AE analysis to detect their
failure by continuousmonitoring. This is of particular interest in the case
of ﬂexible polymers, as in a previous study [7] no features clearly as-
cribed to failure could be found in the loading curves of specimens
healed with such polymers.
Self-healing concrete itself has been researched for the past few de-
cades in an effort to increase the durability of reinforced concrete struc-
tures or to allow new possibilities in terms of design. Out of the several
techniques under development, the use of encapsulated polymer pre-
cursors – due to their elastic nature – shows the best potential to effec-
tively heal moving cracks found in structures under cyclic loading, such
as those subjected to signiﬁcant temperature gradients or trafﬁc loads.
When embedded in concrete, the capsules rupture soon after a crack de-
velops and release a lowviscosity polymer precursor,whichﬂows out to
ﬁll the crack and hardens with time. The healed crack is thus sealed
against ingress of agents that trigger the onset of deleterious processes
in concrete. When compared to other existing techniques that ﬁll the
cracks with rigid, brittle mineral compounds (thorough overviews can
be found in [8] andmore recently in [9]), the advantage of encapsulated
polymer precursors resides in the fact that polymers can be found in a
wide range of mechanical properties and have good adhesion to most
substrates. Thus, they allow using a ﬂexible material that bridges the
crack faces even in the event of increasing crack width.Fig. 1. Schematic of the research study. See Tables 1 and 2 foHowever, the strain limits of polymers and the effect of their elastic
modulus and ductility on this application have been seldom studied, e.g.
by Dry et al. [10]. Additionally the only attempt at determining the
strain limits of polymers based on changes to the permeability of healed,
moving cracks was performed by Feiteira et al. [7]. In that study, it was
possible to determine that the polymers under investigation with the
best performance withstood an elongation (due to crack widening) be-
tween 50% and 100%. Precise determination was not possible however
due to the step-wise crack widening required by the testing protocol.
Finally, the combined use of themonitoringmethodsmentioned and
a selection of polymer precursors that exhibit distinct behaviour in
terms of foaming potential and mechanical properties after curing also
aims at identifying basic requirements or recommendations for the se-
lection and development of compounds [11] that lead to good bridging
capability in moving cracks, within the context of self-healing concrete.
A schematic representation of the research performed is shown in Fig. 1.
Under ﬁeld conditions, any polymers used for this application often
need to verify amore complete set of requirements, such as an adequate
resistance to high hydrostatic pressures and to fatigue caused bymulti-
ple cycles of crack movement, which will be approached in a separate
publication.2. Materials and methods
2.1. Polymer precursors
Theprecursors studied are commercial products used for injection of
cracks in concrete. They are polyurethane-based and upon contact with
moisture cure into a polymer that is resistant to most organic solvents,
mild acids, alkalis and micro-organisms, according to the technical
sheet. Low viscosity products were used, as this is a critical property
to guarantee good dispersion inside a crack and thus good healing per-
formance [7]. The precursors designated LV and SLV.A are products cur-
ing into ﬂexible polymers, with SLV.A curing into a foam and LV curing
into a continuous ﬁlm. The precursor CUT.A is also a foaming product
but with very limited ﬂexibility. The viscosity of the products, their po-
tential for foaming and the tests performed on each one are listed in
Table 1. To achieve a considerable foaming effect upon contact with
moisture, the precursors in series SLV.A and CUT. A were mixed with
2 wt% of a second component (part of the commercial product) which
also had an accelerating effect on curing, to avoid collapse of the foam.r the description of polymer series LV, SLV.A and CUT.A.
Table 1
Basic properties and tests performed on each series of polymer precursors.
Series Viscosity Foaming Testing methods
LV 550 mPa·s No SEM with in-situ loading
SLV.A 200 mPa·s Yes AE + DIC
CUT.A 350 mPa·s Yes SEM with in-situ loading
AE + DIC
Table 2
Mechanical properties of the cured polymer precursors determined by testing thin ﬁlms.
Series Tensile
strength
Elongation at maximum
stress
Elastic
modulus
Failure
LV 2.92 MPa 81% 10 MPa Ductile
SLV.A 0.20 MPa 10% 5 MPa Ductile
CUT.A 0.50 MPa 4% 22 MPa Brittle
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glass sheets separated by 1 mm thick spacers and exposed to ambient
moisture for at least 3 days. The mechanical properties achieved after
curing are listed in Table 2, being the average of 5 tensile tests per-
formed at a rate of 1 mm/s (10 mm/s for the high elongation series
LV) on 70 × 10 × 1 mm3 specimens cut from the thin polymer ﬁlms.
The test curves are shown in Fig. 2 for a representative specimen of
each series.
2.2. Bending tests monitored by acoustic emission analysis and digital im-
age correlation
Mortar specimens with dimensions 40 × 40 × 160 mm3 were
moulded with 2 embedded glass capsules containing either the precur-
sor SLV.A or CUT.A. The tubular capsules have an external diameter of
3.35 mm, a wall thickness of 0.18 mm, a length of 50 mm and were po-
sitioned at themid-section of the specimen, where a single crack occurs
during 3-point bending. Themortar consisted of cement CEM I 42.5 N, 0/
4 mm sand, a cement-to-sand ratio of 1:3 and a water-to-cement ratio
of 0.45. Mixing and moulding followed the methods prescribed in EN
196-1 and the specimens were cured in sealed conditions at 20 °C
until they were cracked at 47 days of age. The specimens were also re-
inforced with a 10 mm wide FRP strip along their length. The FRP was
not used as a conventional reinforcement but as a way to stop the
crack from reaching the very top of the specimen and avoid complete
splitting. Thus, it was positioned in the compressive zone during bend-
ing. Fig. 3 shows the ﬁnal specimen conﬁguration, which also contains a
notch to guarantee that a crack forms exactly at the mid-section.
A layer of white spray paintwas applied on the surface of themortar
specimens and a black speckle patternwas sprayedwith an air brush on
the surfaces used for DIC measurements. After cracking the specimens
in 3-point bending tests, a single crack of ~250 μm was obtained and
the polymer precursor was left to disperse and cure inside the crackFig. 2. Tensile tests performed on thin ﬁlms of the polymers selected for tfor 3 days at room ambient conditions. The large size of the crack, the
dry curing conditions and the short period between cracking and testing
guarantee that any existing healing is not due to the naturally occurring
autogenous healing. After curing, one AE sensor Physical Acoustics R15
with a resonant frequency of 150 kHz was attached to the side of the
specimens, close to the bending crack, and the specimenswere reloaded
at a speed of 0.04mm/min (displacement of the bendingmachine's pis-
ton). The acoustic events on each specimenweremonitored and record-
ed until the healed crack was visibly reopened, i.e. a crack width of ~
1 mm was achieved. At the same time, the displacements and strains
on one of the side faces of each specimen were also monitored with a
pair of DIC cameras capturing high resolution images in a periodical
mode, each 2 s. General recommendations for DIC measurements men-
tioned in [12] were followed. This included aligning the cameras on a
ﬁxed axis positioned on top of a tripod parallel to the specimen,
projecting diffuse light on the area to be tested and performing a cali-
bration analysis with the DIC software package VIC-3D, so that an ac-
ceptably low projection error was achieved.
2.3. Tensile tests using in-situ loading inside an SEM chamber
Small, 30 mm long dog-bone specimens were moulded out of ce-
ment paste with a water-to-cement ratio of 0.35 and cement CEM I
52.5 R. After hardening, the specimens were manually cracked approx-
imately at their mid-section and the two halves separated by a ~300 μm
gap, as shown in Fig. 4. This gap was then ﬁlled with polymer and
allowed to cure for a minimum of 3 days before testing. To perform
the test, the surfaces to be observed were carbon coated and the speci-
mens were clamped to the special SEM stage with in-situ tensile load-
ing. Once the stage was inside the SEM chamber, tensile loading was
applied to the specimens at a loading rate of 1 μm/s, while high magni-
ﬁcation images and a video were recorded.
3. Results and discussion
3.1. Failure monitored by acoustic emission analysis and digital image
correlation
Acoustic emission analysis was performed on specimens healed
with rigid (CUT.A) and ﬂexible (SLV.A) foams, to assess its potential
for detection of failure of these types of polymers in the context of
self-healing concrete. Simple parameter analysis was performed, in-
cluding the counting of hits, the normalized energy contained in an
acoustic emission and the rise angle (RA) of its wave. The RA is consid-
ered to be the ratio of rise time to amplitude of the acoustic wave, as
suggested in [13]. The analysis of the frequency of acoustic events was
considered, but no relevant correlations were found.
The mechanical loading of the specimens in itself results in acoustic
emissions that are recorded over the thresholds set for the test, even
long before any failure stage is achieved. This creates a background
noise, abovewhich any acoustic events useful for the detection of failurehe study. One representative curve is shown for each polymer series.
Fig. 3. Schematic ofmortar prisms used for the bending tests. A pair of capsuleswas placed
at the mid-section, 10 mm away from the sides and from the 5 mm deep notch. 10 mm
wide FRP strips (in dark) were used to avoid splitting of the specimen after cracking.
Fig. 5. Bending load, acoustic hits and relevant acoustic emission parameters until failure
of a sound specimen. The cloud of data points acquired before failure establishes the
background noise of the tests.
241J. Feiteira et al. / Materials and Design 115 (2017) 238–246have to stand. The background noise can be seen in Fig. 5, which shows
the acoustic hits acquired during loading of a sound specimen until fail-
ure, while creating the crack to be healed. In this plot it is clear that the
majority of events is limited to energy levels below 100 and rise angles
below 1 μs/dB, with a dense cloud of data shown in these intervals. For
this reason, the test results displayed in Fig. 6 show the plots of energy
and RA truncated below these levels.
During loading of the healed specimens, the different series showed
similar peak loads and bending stiffness (Fig. 6), despite the remarkable
differences between the polymers used (see Table 2). This is due to the
fact that the loading response is a function not only of the mechanical
properties of the polymer ﬁlling the crack, but also of the area effectively
bridged by the polymer inside the crack due to healing, which inevitably
shows variability between specimens. The bending load curves in Fig. 6
show differences in the failure mode, which is brittle in case of the rigid
CUT. A series (sudden considerable load drop), while a progressive load
reduction is observed in the case of the ﬂexible SLV.A polymer. The pro-
gressive load drop of the specimens healed with a ﬂexible polymer is in
line with previous experience [7] and the lack of clear features pointing
to failurewas amajormotivation to assess thepotential of AE analysis to
detect it.
Regarding the data acquired by AE analysis during loading of healed
specimens (Fig. 6), although no correlation was observed between the
total number of acoustic events and the type of polymer, vertical discon-
tinuities can be seen in the cumulative hits curves for the CUT.A precur-
sor (time window 200–300 s), which occur during the brittle failure.
The vertical discontinuities are related to a sudden burst of acoustic
events occurring due to the catastrophic failure occurring for the series
healed with the brittle polymer.
For the specimens healed with the rigid CUT. A polymer, there were
high energy hits (energy N 100), coincidingwith the peak load and sud-
den load drop, which can thus be attributed to brittle failure. SeveralFig. 4. Dog-bone specimen used for the tensile tests performed inside an SEM chamber.
The crack at mid-section has an area of 5 × 5 mm2.other high energy hits were detected during subsequent crack widen-
ing, in a total of 16 hits for both specimens. These high energy hits
have energy levels at least one order of magnitude above most acoustic
events taken as background noise, whichmakes themparticularly ﬁt for
monitoring of failure. In the case of the ﬂexible polymer SLV.A, there
were two hits above the noise level for the SLV.A 2 specimen, with
one coinciding with the peak bending load, but none for the SLV.A 1
specimen. The lack of high energy hits in the case of the ﬂexible SLV.A
polymer can be explained by the fact that the acoustic emission compo-
nent (as opposed to plastic deformation or surface energy) of the energy
expended during fracture is generally higher in the case of brittle mate-
rials [14], while the mechanical response of the polymer SLV.A shows
plastic deformation (Fig. 2).
The AE data acquired thus suggests that monitoring of the acoustic
wave energy allows clear detection of the onset of failure of concrete
healed with brittle polymers, but not with ﬂexible ones. The detection
of failure of specimens healed with a ﬂexible polymer may be more
clearly assessed through methods that determine the permeability of
healed cracks, such as the approach in [7].
The plot of the rise angle shows that there are hits with high RA (N
1 μs/dB) during the peak bending load for the CUT.A specimens, but
also before failure occurred. For the specimens healed with the ﬂexible
SLV.A polymer, there are also hits with high RA, but they are similarly
spread around the peak load. Additionally, all hits with high RA were
at best one order of magnitude above the background noise shown in
Fig. 5. Thus, despite the fact that several hits could be attributed to the
brittle failure of the rigid CUT. A polymer, single monitoring of the rise
angle does not seem to be ﬁt for accurate identiﬁcation and monitoring
of any potential failure of self-healed concrete, as random acoustic
events occur above the noise level.
After unloading the specimens, it was noticed that additional crack
branches appeared around the crack mouth of the specimens healed
with the CUT.A polymer. Impregnation with ﬂuorescent epoxy resin
and visual assessment under optical microscope allowed clear
highlighting of all the voids, including parts of the crack mouth that
were not ﬁlled with polymer and the new crack branches, as shown in
Fig. 7. The additional cracks probably formed due to the fact that the
rigid CUT.A polymer effectively transfers stress across the crack faces,
to areas around the original crack that already exhibited a certain de-
gree of damage. It is thus possible that high energy and high RA hits as-
cribed to the failure of the brittle, rigid polymer also occur due to the
development of new crack branches. As both types of event occurred
after peak load and most probably at the same moment, the detection
of either of them is still a good indication of failure of the specimen at
the healed crack due to excessive strain on the polymer.
Parallel DIC analysis conducted for one specimen of each series
showed additional evidence of the distinct failure modes of specimens
healed with rigid or ﬂexible polymers. Fig. 8 shows that at peak load
Fig. 6. Bending load curves, acoustic hits and relevant acoustic emission parameters during widening of healed cracks.
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ening for the specimen healed with the CUT.A rigid polymer, while a
progressive widening was observed in the case of the ﬂexible SLV.A
polymer. This can also be clearly seen both in the monitoring of the
cracks' contours along their height (Fig. 9) and in the magnitude of
the strain developed around them (Fig. 10). Given an original crack
mouth size of 250 μm and considering the displacement shown in Fig.
9 for the peak load (the crackmouth is at a height of 0%), themaximum
strain on the CUT.A polymer before failure occurred was 9%.
3.2. Failure monitored by in-situ loading in SEM chamber
This techniquewas successful at allowing a deeper understanding of
the relationship between the tensile loading curves of specimens
exhibiting cracks bridged with polymers and their failure due to exces-
sive strain.
This relationship is shown in Figs. 11 and 12 for one of the small ce-
ment paste dog-bone specimens cracked and bonded with the rigid
CUT.A polymer foam. At the surface of the dog-bone specimen aFig. 7.Analysis of the voids (in dark) around the crackmouth revealednew crack branches
after failure of the specimens healed with the rigid CUT.A polymer.
Adapted from [15].progressive detachment of the polymer from the crack faces was ob-
served and the sequence of high magniﬁcation images in Fig. 12
shows the precise moments of the onset and the full detachment, as
well as a highlight of the occurrence of micro-cracking in the polymer
itself. These events are also localized in the loading curve shown in
Fig. 11. The onset of detachment can thus be linked to the considerable
stiffness reduction in the loading curve, while the full detachment oc-
curs nearly at peak load. The results show a strain capacity of approxi-
mately 16%, considering the full detachment at peak load the failure
point, while onset of detachment occurs for a strain of 5%.
The performance of a ﬂexible, non-foaming polymer was also stud-
ied and Fig. 13 shows also detachment of the polymer from the crack
faces at the surface of the dog-bone specimen. In this case, exact deter-
mination of themoments of onset and full detachmentwas not possible,
but it is shown that detachment occurs before a strain of 50% is
achieved, corresponding to the displacement shown in Fig. 13. Howev-
er, even after full detachment, it is clear at the middle of the crack sec-
tion that the polymer is considerably stretched with no visible
damage to its matrix. Additionally, this ﬂexible polymer was able toFig. 8. Crack mouth openingmonitored by DIC analysis during widening of healed cracks.
Fig. 9. DIC monitoring of the crack opening along the full height of the crack; the crack's left and right contours are shown at peak load and at snapshots taken 10 s before and after.
Fig. 11. Load-displacement curves of SEM in-situ tensile tests on small dog-bone
specimens. The data points corresponding to the SEM images shown in Figs. 12 and 13
are highlighted.
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polymer.
After completion of the tests, the two halves of the specimens were
split and the opposite crack faces were observed under SEM. The foams
cells of the CUT.A polymer were very obvious on the crack faces, as
shown in Fig. 14. It was observed that the overall failure mechanism
was a mix of rupture of the walls of the foam cells and detachment of
the polymer from the crack faces in areas where a larger amount of
polymer had accumulated between cells or at areas close to the outside
surface of the specimen, as shown previously in Fig. 12. Another rele-
vant feature shown in Fig. 14 is the fact that the foam cells may have
an irregular shape and varying dimensions, thus not necessarily
guaranteeing a continuous barrier against ingress of water or other po-
tentially aggressive agents for concrete.
For specimens bonded with the non-foaming LV polymer (Fig. 15),
where a large area of the crack was bridged by polymer, detachment
was the only failure mechanism observed. The detached polymer was
found covered with a thin layer of cement paste, as evidenced in Fig.
15 by the areas with a rough texture on both crack faces. This is proof
of the adequate adhesion of the polymer used, as expected for a poly-
urethane over a cementitious matrix.
Despite the clear usefulness of the test method in providing very ac-
curate data on the failuremechanisms, the very small scale at which the
test is performed and the fragility of the test specimensmake it unﬁt for
larger, more signiﬁcant studies, as several attempts are usually needed
before a successful test is achieved. A summary including these andCUT.A 1
- 10 s at peak load + 10 s
strain increase
0%
Fig. 10. DIC monitoring of strain along the crack height at pother strengths and disadvantages of the monitoring methods as used
in this study is shown in Table 3.
3.3. Requirements for polymers bridging moving, self-healed cracks
The occurrence of additional cracks during bending of mortar
prisms healed with the rigid CUT.A polymer shows that polymersSLV.A1
- 10 s at peak load + 10 s
2%
eak load and at snapshots taken 10 s before and after.
CUT.A(0, 0)
Initial state
CUT.A(17,15)
Onset of detachment
CUT.A(50,17)
Full detachment
315 µm
Fig. 12. Progressive failure due to detachment of the rigid, foaming CUT. A polymer from the cementitiousmatrix at the crack'smouth.Micro-cracking in the polymermatrix also occurred
(circular highlight). Detachment is clearly identiﬁed by the bright areas at the crack edges, resulting from the loss of continuity of the electrical conductive coating required by SEM. The
sequence of SEM images corresponds to the data points in Fig. 11.
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movement is expected after healing. By lowering the elastic modulus
to 5 MPa (SLV.A series), the occurrence of new cracks was avoided,
with the original crack reopening instead after a certain amplitude
of crack movement.
In the case of small dog-bone cement paste specimens under tensile
load, no new cracks were created, but the rigid CUT.A polymer failed
partly due to detachment, with the onset of failure happening at 5%
strain,with full detachment taking place at 16% strain. The ﬂexible poly-
mer LV, with a lower elastic modulus of 10 MPa, still failed due to de-
tachment, for a strain of b50%. The maximum strain values for the
polymers studied here may still not be enough to withstand crack
movements found in a lot of ﬁeld structures.
Regarding the requirements for maximum strain, a parallel can be
made with injection products for concrete. The only obvious differenceLV (0, 0)
Initial state
335 µm
Fig. 13. Failure due to detachment of the ﬂexible, non-foaming LV polymer from the cementitiou
in Fig. 11.after hardening of the polymer inside the crack is the fact that the crack
faces are not contaminated by debris in the case of self-healed cracks, as
healing occurs immediately after crack formation, and thus the bond be-
tween polymer and the cementitious matrix is potentially better. While
the polymer series LVwould probably verify the requirements of the EN
1504-5 [16] standard for injection of cracked concrete, which speciﬁes a
minimum 10% elongation for polymers to be injected into moving
cracks, it is debatable whether this value is realistic. It is reported in lit-
erature [17] that, due to fatigue alone, in the long term the original crack
opening can double in size, implying that any polymer bridging such
crack would have to withstand a strain of 100% while remaining at-
tached to the crack walls. A single cycle of crack movement in a ﬁeld
structure can also often exceed 10% of the original crack size. Morales
Cruz and Raupach [18] reported that crackmovements of approximate-
ly 30% were found in a waterway structure. The magnitude of crackLV (181, 22)
Full detachment
smatrix at the crack'smouth. The sequence of SEM images corresponds to the data points
5 mm
a
b
b
Fig. 14. Opposite faces of a crack bridged with the rigid, foaming CUT.A polymer after failure. Both rupture of the foam's cell walls (a) and detachment of larger areas of polymer (b)
occurred.
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literature, but anecdotal reports have also mentioned the existence of
crack movements in excess of 100% due to high loads from trafﬁc on
bridges.
The results discussed above suggest that precursors used as encap-
sulated healing agents in self-healing concrete should cure into poly-
mers with elastic modulus much lower than 10 MPa, so that the stress
at the interfacewith the cementitiousmatrix isminimized and the poly-
mer can withstand the strain without detaching from the crack walls.a
a
5 mm
Fig. 15. Opposite faces of a crack bridged with the non-foaming, ﬂexible LV polymer after failur
areas of the polymer remained attached to opposing sides of the crack (a).An elongation of at least 100% should also be a requirement, along
with adequate adhesion to a cementitious matrix, taken as 2 N/mm2
in [16]. Polymer precursors that cure into a continuous ﬁlm also seem
preferable. Even though foams reduce the stress at the interface and
allow the failure to occur in the polymer itself, i.e. at the walls of the
foam cells, localized failure due to detachment still occurs in areas
where polymer has accumulated, often at the intersection between
cells, thus breaking the continuity of the cell structure and hindering
the barrier properties of the polymer.a
e, which occurred essentially due to detachment of polymer from the crack faces. Different
Table 3
List of strengths and disadvantages of the monitoring methods as used in this study.
Monitoring
method
Strengths Disadvantages
AE + DIC
(macro
scale)
Continuous monitoring.
Accurate determination of
strain at the onset of failure.
Overall monitoring of the
complete healed area.
Progressive failure (i.e. not
fragile) may not generate easily
detectable, high energy acoustic
events.
The type of failure (rupturing of
polymer or detachment from the
crack walls) is not clear.
SEM with
in-situ
loading
(micro-scale)
Continuous monitoring.
Direct observation of polymer
matrix and interfaces.
Determination of the type of
failure.
Accurate determination of
strain at the moments of onset
and complete failure.
Fragile specimens require several
attempts for a successful test.
Localized determination of
failure.
For foaming products, failure
observed at the surface of the
specimen may not be
representative.
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The analysis of acoustic emissions successfully detected failure
under bending load of specimens self-healed with a rigid polymer
foam (elastic modulus of 22 MPa). The brittle failure occurring due to
excessive strain on the polymer bridging the healed crack originated
acoustic emissions with an energy level of at least one order of magni-
tude higher than the background noise and a high rate of occurrence
of acoustic events. Other parameters such as rise angle and frequency
of the acoustic waves were not useful in detecting failure. Digital
image correlation tests performed in parallel allowed very accurate
monitoring of crack creation and widening, also detecting a high rate
of increase in the crack opening during failure, which occurred for a
strain of 9%. None of these features could be observed however during
loading of specimens healed with a ﬂexible polymer foam (elastic mod-
ulus of 5 MPa) and thus failure of such type of polymer is best assessed
through tests that determine the permeability of the healed cracks.
Tensile tests performed inside an SEM chamber can be extremely
useful in determining the failure of both rigid and ﬂexible polymers
bridging a crack. It was possible to distinguish both the onset and the
complete failure due to detachment of the rigid polymer foam, occur-
ring for strain levels of respectively 5% and 16%. A ﬂexible polymer
forming a continuous ﬁlm (elastic modulus of 10 MPa) inside the
crack failed most probably under higher strains, but still for a crack
movement lower than 50% of the original crack opening.
To withstand crack movements found in ﬁeld structures, which can
be larger than the limit strains found in this study, ﬂexible polymers
with an elastic modulus much lower than 10 MPa should be used in
the context of self-healing concrete. The lower elastic modulus will re-
duce the stress at the interface between the polymer and the cementi-
tious matrix at the crack faces, reducing the chance of detachment
before the strain limits of the polymer matrix is achieved. Additionally,
a lower elastic modulus also reduced the stress transferred across the
crack faces during bending and avoided the opening of new cracks
next to the original crack, which occurred for specimens healed with
the rigid polymer. Polymer precursors to be used as encapsulated
healing agents for self-healing concrete should also cure into polymers
with adequate adhesion to a cementitious matrix (N2 N/mm2) and
high elongation (N100%) if moving cracks are targeted.Acknowledgements
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